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Dynamic Global Sagittal Alignment Evaluated by Three-Dimensional Gait 
Analysis in Patients With Degenerative Lumbar Kyphoscoliosis 
 
ABSTRACT 
Purpose 
Sagittal vertical axis (SVA) is the most commonly used parameter for evaluating global sagittal alignment 
(GSA) in a static condition. However, its dynamic statuses remain unclear. The aim of this study was to 
evaluate dynamic GSA of degenerative lumbar kyphoscoliosis (DLKS) using three-dimensional motion 
analysis system (3D-MAS). 
Methods 
Twenty-six patients with DLKS underwent gait analysis using 3D-MAS. Static (S-) and dynamic (D-) 
trunk angle (TA) (the angle between the vertical axis and the line connecting C7 and S1 spinous 
processes) and S-sagittal trunk shift (STS) and D-STS (the distance between the two vertical lines 
running through C7 and S1 spinous process) were recorded during treadmill walking. Pelvic angle (PA) 
(the angle between the horizontal axis and the line connecting the posterior and anterior superior iliac 
spine) were also recorded. S-PA and D-PA represent retroversion or anteversion of the pelvis, which can 
be substituted for pelvic tilt. As to dynamic parameters, those at the initial five steps [Di] and the final 
five steps [Df] of treadmill walking were also recorded. 
Results 
The median S-TA, S-STS, and S-PA were 16.0°, 11.9 cm, and −5.5° (retroversion). The median 
D-parameters were Di-TA/Df-TA 21.5°/26.8°; Di-STS/Df-STS 14.1/21.1 cm; and Di-PA/Df-PA 
15.7°/22.8° (anteversion). All D-parameters were significantly greater than S-parameters (P<0.01) and all 
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Df-parameters were also significantly worse than Di-parameters (P<0.001). Thus, compensated GSA by 
pelvic retroversion in static condition was lost due to anteversion change of the pelvis immediately after 
start of walking and worsened over time. 
Conclusion 
Dynamic GSA assessment using 3D-MAS can avoid underestimation of GSA loss that is detected by 
static standing full-length radiography. 
 
Key Words 
adult spinal deformity; global sagittal alignment; degenerative lumbar kyphoscoliosis; 
gait analysis; dynamic balance 
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INTRODUCTION 
 Degenerative lumbar kyphoscoliosis (DLKS) is characterized by facet joint arthrosis, 
degenerative disc disease, and atrophy of the back muscles, resulting in progressive kyphosis and sagittal 
imbalance [1–3]. Recent studies confirmed that sagittal imbalance is the most important issue in 
impairment of health-related quality of life (HRQOL) and restore of sagittal imbalance is the main goals 
of treatment in patients with DLKS [4-9]. When the trunk tilts forward by DLKS, compensation is 
required for maintenance of the upright position [10-12]. Various compensatory mechanisms may come 
into play to correct any tendency toward forward imbalance: contraction of the posterior spinal muscles to 
prevent the trunk from falling forward; pelvic retroversion with hip extension; and knee flexion, which 
requires painful abnormal effort of the related muscles (e.g., back muscles, hip extensors, knee extensors). 
Although these mechanisms may maintain the gravity line within the base of support, it is not real 
ergonomic balance but compensated non-ergonomic balance [11-12]. When these compensation 
mechanisms by abnormal effort or endurance of the related muscles fail in achieving horizontal gaze and 
gravity line alignment, this situation is deﬁned as decompensated imbalance. [11-12] 
Imaging systems are rarely coupled with force platforms, and consequently the location of the 
gravity line is not known when analyzing X-rays, even those obtained with the patient upright [10]. 
Currently, the most commonly used parameter for evaluating global sagittal alignment (GSA) is the 
sagittal vertical axis (SVA), which is calculated as the offset between the posterior corner of the sacrum 
and the vertical line passing through the center of the C7 vertebral body [8]. The SVA can be normal not 
only in well-balanced individuals but also in those with compensated non-ergonomic balance. It is 
important to avoid underestimating the SVA so as to recognize the severity of GSA loss [3, 10]. The SVA 
is also a parameter for GSA in the static situation. To date, little is known how to use the associated 
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compensatory mechanisms in dynamic situations such as walking. 
The aim of this study was to evaluate dynamic GSA using a three-dimensional motion analysis 
system (3D-MAS) in patients with DLKS. We also planned to clarify the behavior of the compensatory 
mechanisms in dynamic situations. 
 
MATERIALS AND METHODS 
 A total of 26 patients with DLKS underwent gait analysis using 3D-MAS under approval of 
our institutional review board. Inclusion criteria were the patients with radiographically proven DLKS 
with spinopelvic mismatch (PI-LL>10˚, to be mentioned later) and falling forward of the trunk during 
ordinary walk. None of the 26 patients underwent previous spine surgery. The patients who have 
concurrent hip and knee degenerative arthritis, symptoms of neurogenic or vascular intermittent 
claudication, and any cardiopulmonary comorbidity, which may affect the endurance of ambulation, were 
excluded in this study. 
Ten reflective markers were stickily attached to the surface of a very thin and tight examination 
suit just over the spinous processes of C7 and S1, apex of the thoracic kyphosis, bilateral posterior 
superior iliac spine (PSIS), bilateral anterior superior iliac spine (ASIS), right greater trochanter, middle 
potion of the right thigh, the right knee joint, and lateral malleolus of the right ankle joint in all patients. 
We determined the adequate walking speed for each subject by trial treadmill walking beforehand, which 
allow him or her to walk safely and comfortably on the treadmill. This is important for reproducing their 
own natural walk pattern and preventing accident (e.g. tumble) during examination. They walked on a 
treadmill at pre-determined their particular fixed walking speed without any support. They ceased 
walking when they felt intolerable low back pain or fatigue. Kinematics of the trunk and pelvis were 
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collected using four video cameras. (Figure 1) The collected kinematic data were analyzed using a motion 
analysis system (GE60; Library Co., Ltd., Tokyo, Japan) and 3D motion analysis software 
(MOVE-TR3D; Library Co., Ltd., Tokyo, Japan). Calibration was carried out using 8 reflective markers 
on handrails and frames of the treadmill before data collection. Median error of this system was 0.52cm 
ranging from 0.09cm to 1.17cm. 
As the parameters of GSA, following three items were measured: trunk angle (TA), defined as 
the angle between the vertical axis (VA) and the line connecting the reflective markers on C7 and S1 
spinous processes; sagittal trunk shift (STS), defined as the distance between the two vertical lines 
running through the reflective markers on C7 and S1 spinous process; and pelvic angle (PA), defined as 
the angle between the horizontal axis (HA) and the line connecting the ASIS and PSIS. The STS 
represents C7 plumb line deviation in the sagittal plane, which can be used as a substitute for SVA. The 
PA represents retroversion or anteversion of the pelvis, which can be used as a substitute for pelvic tilt 
[13]. These three kinematic parameters were measured at following three time points on the treadmill: (1) 
just before first step (static [S-] TA, STS, and PA), (2) at the initial fifth step (initial dynamic [Di-] TA, 
STS, and PA), and (3) at the final fifth step (final dynamic [Df-] TA, STS, and PA). (Figure 2) To secure 
the accuracy of 3D measurement, recorded tracks of the reflective markers were carefully checked on 
3D-MAS to detect unexpected marker migration from its original position. When tracks of the markers 
demonstrated unnatural or skipped motion due to suspected marker migration, data were excluded from 
the study. (Figure 3) 
The Wilcoxon signed rank test was used for statistical analysis. The results were considered 
statistically significant when P<0.05. 
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RESULTS 
 There were 21 women and 5 men with a median age of 69 years (range 49–82 years). The 
radiographic parameters (median, range) of the sagittal plane deformities obtained from full-length 
standing lateral radiographs with the patient in the clavicle position [14] were thoracic kyphosis (TK: 
T5-12) 12.5° (−7.5° - 62.0°), thoracolumbar kyphosis (TLK: T10-L2) 13.5° (−25.5° to 46.0°), lumbar 
lordosis (LL: T12-S1) 9.0° (−19.5° to 49.0°), SVA 12.3 cm (0–28.5 cm), pelvic incidence (PI) 53.0° 
(26.0°–88.0°), pelvic tilt (PT) 35.5° (23.0°–60.0°), and PI minus LL (PI-LL) 42.8˚ (12.0˚–75.0°). The 
coronal Cobb angle of the thoracolumbar/lumbar scoliosis, which was 22.5° (0–60.0°). (Table 1) 
Deformity types according to SRS-Schwab classification were type L in 7 patients and type N in 19. 
Etiology of sagittal plane deformities was degenerative lumbar kyphoscoliosis in 17 patients and 
degenerative lumbar kyphosis in 9. Three patients have concomitant single level vertebral body fracture 
at T11, T12, and L2. There was no postoperative flat back patient.  
 
Walking time and speed on the treadmill 
 The median walking time and speed on the treadmill were 192.5 s (65.0–350.0 s) and 8.3 
m/min (3.3–25.0 m/min), respectively. There were no patients who ceased walking due to lower extremity 
pain or cardiopulmonary symptoms (e.g. palpitations). 
 
Trunk Angle (TA) 
 A median (range) S-TA, Di-TA, and Df-TA were 16.0° (5.0°–38.1°), 21.5° (3.8°–50.3°), and 
26.8° (10.7°–68.5°), respectively. There were significant differences among these TA parameters. (Figure 
4) Forward lean of the trunk occurred just after start of walking, and then gradually increased over time 
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until the patient ceased walking. 
 
Sagittal Trunk Shift (STS) 
 A median (range) S-STS, Di-STS, and Df-STS were 11.9 cm (1.5–28.1 cm), 14.1 cm (1.8–
32.9 cm), and 21.1 cm (8.2–43.5), respectively. Statistically significant differences existed among STS 
parameters. (Figure 5) STS increased just after start of walking, then gradually increased over time. 
 
Pelvic Angle (PA) 
 A median (range) S-PA, Di-PA, and Df-PA were −5.5° (−17.1–12.0) (retroversion), 15.7° 
(5.5°–24.0°) (anteversion), and 22.8° (11.0°–36.5°) (anteversion), respectively. There were significant 
differences among these PA parameters. (Figure 6) Thus, retroversion of the pelvis before walking or in 
the static standing posture changed to anteversion immediately after starting to walk and then increased 
over time during walking. 
 
Representative Case (Figure 7) 
 A 66 year-old woman with degenerative kyphoscoliosis underwent gait analysis using 
3D-MAS. She walked on the treadmill with her favorite velocity of 8.3m/min. She ceased at 90 seconds 
after start of walking because of falling forward of the trunk and intolerable low back pain. The sagittal 
parameters on the treadmill were as follows: S-TA 11˚; Di-TA 16˚; Df-TA 32˚; S-STS 8.9cm; Di-STS 
12.7cm; Df-STS 22.5cm; S-PA -3.7˚; Di-PA 13.0˚; and Df-PA 31.5˚. Static standing with the clavicle 
position [11] on the conventional standing full-length radiograph was also shown in Figure 5. 
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DISCUSSION 
 There were few previous studies in which the dynamic status of GSA related to degenerative 
spinal deformities had been investigated using 3D-MAS [15]. Lee CS, et al measured pelvic tilt, hip 
flexion, and knee flexion in the patients with degenerative flat back using gait analysis system. They 
revealed that the patients who showed pelvic retroversion during walking preoperatively experienced 
better clinical outcomes after corrective surgery than those with pelvic anteversion. However, they did not 
demonstrate differences between static and dynamic kinematic parameters during walking [12]. The 
present study demonstrated statistically significant differences between dynamic and static parameters 
regarding GSA. Dynamic trunk parameters (Di-, Df-TA and Di-, Df-STS) showed a significantly greater 
tendency toward forward lean of the trunk than static parameters (S-TA and S-STS). Falling forward 
occurred immediately after the start of walking and progressed over time. (Figure 4 and 5) The Di-PA was 
significantly greater than S-PA. In addition, PA gradually increased toward pelvic anteversion during 
walking. 
When the sagittal imbalance is compensated for by retroversion of the pelvis during static 
standing, hip extensors work as posterior rotators of the pelvis. The hip extensors, however, no longer 
work as posterior rotators of the pelvis once walking starts, because these muscles are used for hip 
extension during walking. In other words, the hip, instead of being considered as a joint solely capable of 
allowing femoral movement against a ﬁxed pelvis, should be considered as a joint that allows rotation of 
the pelvis against a ﬁxed femur [3]. Failure of the compensatory mechanism by retroversion of the pelvis 
enhances the tendency to fall forward during walking. Lee et al reported that in degenerative flat back, if 
the pelvic extensor muscles responsible for the posterior tilt of the pelvis are intact, pelvic compensatory 
mechanism would be in effect to keep the decompensated spine as upright as possible. If the pelvic and 
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lumbar extensor muscles were degenerated and weakened, however, the pelvic compensatory mechanism 
would be lost, resulting in marked anterior pelvic tilt [15]. The other possible causes of pelvic anterior tilt 
are hamstring weakness, hip extensors weakness, hip flexor tightness, or psoas contracture [16]. Thurston 
and Harris demonstrated reciprocal movements between the pelvis and the spine in normal subjects 
without sagittal imbalance. As the pelvis tilted forward, the lordosis of the lumbar spine increased [17]. In 
the present study, these reciprocal movements were not observed because physiological lumbar lordosis 
was lost in these patients with DLKS. 
A high prevalence of back muscle atrophy in DLSK patients has been shown in the literature. 
Back muscle atrophy causes anterior sagittal imbalance because atrophic musculature cannot lift the trunk 
vertically [18]. Also, anterior translation of the gravity line due to the trunk falling forward causes back 
muscle fatigue, which accelerates further sagittal imbalance. Takahashi et al. reported that the forward 
bending position of the trunk caused excessive muscle activity and led to fatigue [19]. Enomoto et al. 
reported that lumbar kyphosis might have stimulated muscle activity at the upper lumbar level, which also 
caused muscle fatigue [20]. Dynamic changes of GSA demonstrated in the present study may have 
indirectly detected the influence of back muscle atrophy and/or fatigue on the walking posture. Real-time 
electromyographic (EMG) monitoring of back muscle activity during walking is necessary for elucidating 
a role of the back muscles in dynamic sagittal imbalance. Also, the relation between back muscle activity 
and the trunk falling forward should be evaluated in further studies. 
The kinematics of the spine during ground and treadmill walking has been compared in healthy 
individuals [21–24]. In contrast to ground walking, the gait pattern on the treadmill has shown (1) 
increased cadence and decreased stride length [21,22]; (2) full-foot contact in contrast to heel-strike at the 
initial contact [23]; (3) increased hip and knee flexion during swing with decreased knee extension in 
 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
  10 
stance [21,22]; (4) forward lean of the trunk [22, 24]. Nymark et al. reported that slightly greater trunk 
forward lean was observed on the treadmill than on the ground at natural speed [25]. However, the trunk 
forward flexion angle with a slow walking speed (12–15 m/min) was significantly smaller than that at 
natural speed on both the treadmill and the ground. Thorstensson et al. reported that forward trunk 
inclination during walking on the treadmill was affected by the walking speed [26]. The mean forward 
inclination increased from 6° to 13° when walking speed increased from 60 to 150 m/min. Although a 
trend toward trunk forward flexion during treadmill walking has been pointed out, slow walking speed 
can reduce this tendency. In the present study, it seems that treadmill walking itself could not significantly 
influence forward trunk tilt because of a very slow walking speed (8.3 m/min). As walking speed was 
slow but substantially varied (3.3-25.0m/min), the results may have a bias. 
It is ideal to provide an age and sex matched control group of patients with normal GSA to 
establish baseline values for the change in dynamic GSA in normal patients to compare DLKS group to. 
This would establish the normal alignment parameters and allow for a more accurate analysis of the 
difference in patients with a loss of GSA when ambulating. In the present study, as the kinematic 
parameters measured on 3D-MAS did not correspond exactly to those measured radiographically, 
the accuracy of the kinematic parameters is inferior to radiographic one. Although gait analysis using 
3D-MAS on a treadmill has some limitations, it provided us with novel information regarding dynamic 
GSA in patients with DLKS. Further investigations, including kinematics of the lower extremities and 
real-time EMG monitoring of back muscle activity, are necessary for better understanding of sagittal 
imbalance in adults with deformities. 
 
CONCLUSION 
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 We revealed that dynamic GSA during walking was significantly worse than in a static 
situation in patients with DLKS. Compensated non-ergonomic GSA during static standing was no longer 
maintained after the start of walking because compensatory mechanisms such as retroversion of the pelvis 
did not work. Dynamic GSA assessment using 3D-MAS can avoid underestimating the loss of GSA 
detected by SVA measurement on the static standing full-length radiograph. 
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FIGURE LEGENDS 
Figure 1 Treadmill walking and kinematic data collection. Kinematics of the trunk, pelvis, and lower 
extremities were collected using four video cameras. The collected kinematic data were analyzed using a 
motion analysis system. 
 
Figure 2 Parameters measured with 3D-MAS 
(a) trunk angle (TA), defined as the angle between the vertical axis (VA) and the line connecting the 
reflective markers on C7 and S1 spinous processes, (b) sagittal trunk shift (STS), defined as the distance 
between the vertical line running through the reflective markers on C7 and S1 spinous process, (c) pelvic 
angle (PA), defined as the angle between the horizontal axis (HA) and the line connecting the ASIS and 
PSIS. 
 
Figure 3 Tracks of the reflective markers during treadmill walk 
Black arrow indicates a track of reflective marker on the C7 spinous process and white arrow points out 
that on the S1 spinous process. Tracks depict continuous and natural motion of reflective markers. 
 
Figure 4 Comparison of trunk angle (TA) 
TA were measured at following three time points on the treadmill: (1) just before first step, static [S-] TA; 
(2) at the initial fifth step, initial dynamic [Di-] TA; and (3) at the final fifth step, final dynamic [Df-] TA.  
All data shown in the box plot graph are median value. There were significant differences among these 
TA parameters. 
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Figure 5 Comparison of sagittal trunk shift (STS) 
STS were measured at following three time points on the treadmill: (1) just before first step, static [S-] 
STS; (2) at the initial fifth step, initial dynamic [Di-] STS; and (3) at the final fifth step, final dynamic 
[Df-] STS. All data shown in the box plot graph are median value. There were significant differences 
among these STS parameters. 
 
Figure 6 Comparison of pelvic angle (PA) 
PA were measured at following three time points on the treadmill: (1) just before first step, static [S-] PA; 
(2) at the initial fifth step, initial dynamic [Di-] PA; and (3) at the final fifth step, final dynamic [Df-] PA. 
All data shown in the box plot graph are median value. There were significant differences among these 
PA parameters. The minus value means retroversion and plus value means anteversion of the pelvis. 
 
Figure 7 A 66 year-old woman with degenerative kyphoscoliosis. Still images from 3D-MAS at (a) 
immediately, (b) 50 second, and (c) 85 second after start of treadmill walking. Forward lean of the trunk 
was getting worse over time. (d, e) Static standing with the clavicle position on the conventional standing 
full-length radiograph. Deformity parameters on the standing films were as follows: Scoliosis Cobb angle 
22˚; LL -10˚; PI 44˚; PT 56˚; SS -12˚; PI-LL 54˚; and SVA 9.0cm. 
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Table 1 Radiographic parameters of spinal deformities obtained from full-length standing 
lateral radiographs with the patient in the clavicle position (n=26) 
 
Radiographic Parameters Median (Range) 
TK (T5-12) 12.5˚ (-7.5 – 62.0) 
TLK (T10-L2) 13.5˚ (-25.5 – 46.0) 
LL (T12-S1) 9.0˚ (-19.5 – 49.5) 
SVA 12.3cm (0.0 – 28.5) 
PI 53.0˚ (26.0 – 88.0) 
PT 35.5˚ (23.0 – 60.0) 
PI-LL 42.8˚ (12.0 – 75.0) 
Lumbar Scoliosis (Cobb angle) 22.5˚ (0.0 – 60.0) 
TK: thoracic kyphosis, TLK: thoracolumbar kyphosis, LL: lumbar lordosis, SVA: sagittal vertical axis, 
PI: pelvic incidence, PT: pelvic tilt, PI-LL: PI minus LL 
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Figure 4 
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Table 1 Radiographic parameters of spinal deformities obtained from full-length standing 
lateral radiographs with the patient in the clavicle position (n=26) 
 
Radiographic Parameters Median (Range) 
TK (T5-12) 12.5˚ (-7.5 – 62.0) 
TLK (T10-L2) 13.5˚ (-25.5 – 46.0) 
LL (T12-S1) 9.0˚ (-19.5 – 49.5) 
SVA 12.3cm (0.0 – 28.5) 
PI 53.0˚ (26.0 – 88.0) 
PT 35.5˚ (23.0 – 60.0) 
PI-LL 42.8˚ (12.0 – 75.0) 
Lumbar Scoliosis (Cobb angle) 22.5˚ (0.0 – 60.0) 
TK: thoracic kyphosis, TLK: thoracolumbar kyphosis, LL: lumbar lordosis, SVA: sagittal vertical axis, 
PI: pelvic incidence, PT: pelvic tilt, PI-LL: PI minus LL 
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